Polycyclic Aromatic Hydrocarbons (PAHs) constitute a family of over one hundred compounds and can generally be found in complex mixtures. PAHs metabolites cause DNA damage which can lead to the development of carcinogenesis. Toxicity assessment of PAH complex mixtures is currently expressed in terms of toxic equivalents, based on Toxicity Equivalent Factors (TEFs). However, the definition of new TEFs for a large number of PAH could overcome some limitations of the current method and improve cancer risk assessment. The current investigation aimed at deriving the relative potency factors of PAHs, based on their genotoxic effect measured in vitro and analyzed with mathematical models. For this purpose, we used a new genotoxic assay (γH2AX) with two human cell lines (HepG2 and LS-174T) to analyze the genotoxic properties of 13 selected PAHs at low doses after 24 h treatment. The dose-response for genotoxic effects was modeled with a Hill model; equivalency between PAHs at low dose was assessed by applying constraints to the model parameters. In the two cell lines tested, we observed a clear dose-response for genotoxic effects for 11 tested compounds. LS-174T was on average ten times more sensitive than HepG2 towards PAHs regarding genotoxicity. We developed new TEFs, which we named Genotoxic Equivalent Factor (GEF). Calculated GEF for the tested PAHs were generally higher than the TEF usually used. Our study proposed a new in vitro based method for the establishment of relevant TEFs for PAHs to improve cancer risk assessment.
Introduction
Most polycyclic aromatic hydrocarbons (PAHs) are formed during incomplete combustion of organic compounds. Industrial activities, waste incineration or domestic activities such as eating at home using wood or fossil fuel producing large quantities of PAHs. Humans can be exposed to PAHs through different routes. For the general population, the major routes of exposure are from food and inhaled air, while in smokers, the contributions from smoking and food may be of a similar magnitude. The contaminants are generally complex mixtures of PAHs rather than single compounds. PAHs are of concern because most of them have shown carcinogenicity in experimental animals and genotoxicity in vitro and in vivo (Bostrom et al., 2002; IARC, 2010; US-EPA, 2010) .
PAHs genotoxicity is mainly due to metabolic pathways which result in the formation of highly reactive intermediates (Xue and Warshawsky, 2005) . One of the most important biotransformation processes leads to the formation of stable pro-mutagenic DNA adducts. The principal catalysts of this activation of PAHs are cytochromes P450 (CYP) family 1 (CYP1A1, CYP1A2 and CYP1B1) and microsomal epoxide hydrolase to yield reactive diol epoxides.
Fifteen out of the 33 PAHs considered by Scientific Committee on Food (European Commission, 2002) , show clear evidence of mutagenicity and/or genotoxicity in somatic cells in vivo and carcinogenic effects. Although only benzo [a] pyrene (BaP) is considered carcinogenic to humans (Group 1, IARC 2010) , all these compounds are regarded as potentially genotoxic and carcinogenic to humans. BaP is often used as a reference in studies on the toxicity of PAH mixtures based on relative potency factors (RPFs). Many attempts have been made to anticipate the toxic effect of PAH mixtures by deriving RPFs, also termed Toxic Equivalency Factors (TEFs), on the basis of available in vitro or in vivo toxicity data. The TEF approach has been extensively used for hazard assessment of different classes of chemical mixtures such as polychlorinated biphenyls (PCBs) and dioxins (Van den Berg et al., 1998) . This approach relies upon two key assumptions related to the application of a dose-additivity model: (1) a common toxicological mode of action for all components of the mixture, (2) the absence of interactions among components of the mixture at typical human exposure levels (Safe, 1998; European Commission, 2002; US-EPA, 2010) .
The gastro-intestinal tract is the first target tissue for food contaminants like PAHs. In a previous study, we examined three different cell Toxicology and Applied Pharmacology 260 (2012) 58-64 lines for their ability to biotransform PAHs (Audebert et al., 2010) . We concluded that liver cells (HepG2) and colon cells (Caco-2) were able to metabolize PAHs. Nevertheless, the Caco-2 cell line was not suited to our genotoxic assay (Audebert et al., 2010) . This new genotoxic assay was based on the detection of the phosphorylation of the histone H2AX (named γH2AX) that reflects a global genotoxic insult resulting from diverse type of DNA damage, notably DNA adducts and oxidative lesions (Zhou et al., 2006; Watters et al., 2009; Audebert et al., 2011; Graillot et al., 2012) .
Sixteen priority PAH were recommended by the US Environmental Protection Agency (US-EPA, 2010) In the present study, we analyzed the genotoxic potential of these 8 PAHs, to which we added BcF, due to the recommendations from JECFA (FAO/WHO, 2005) , EFSA (EFSA, 2008) and US-EPA (US-EPA, 2010), dibenzo [a,l] pyrene (DBalP) because it was found to have a much stronger carcinogenic activity than BaP (Wynder and Hoffmann, 1961) , Pyr and Fla as negative controls (Durant et al., 1996) , and 7,12-Dimethyl-benz[a]anthracene (DMBA) because this model compound is widely used as tumor initiator. First, the genotoxicity of the 13 selected compounds were tested in human hepatoma cell line HepG2 and human epithelial colorectal adenocarcinoma cells LS-174T, with a new sensitive genotoxic assay based on H2AX phosphorylation detection. In a second step, the dose-response relationship for genotoxic effects of each compound in the two cell lines was modeled and analyzed with a Hill model. This model is one of the most often applied to dose-response relationships (Walker and Yang, 2005) . We used a new method to establish TEFs for PAHs using the complete doseresponse at low dose for each PAH. The new values of TEFs that we propose for the 13 PAHs studied would likely improve the relevance of cancer risk assessment for humans exposed to PAHs. Because our TEF values are based on H2AX genotoxic data, we termed them Genotoxic Equivalent Factor (GEF).
Materials and methods
Caution: PAHs are hazardous compounds and should be handled with care in accordance with the NIH guidelines for the laboratory use of chemical carcinogens. ), in a 5% CO 2 atmosphere at 37°C.
Chemicals and reagents

Benz
In Cell Western (ICW) assay
The In Cell Western technique was performed essentially as previously described (Audebert et al., 2010; Audebert et al., 2011; Graillot et al., 2012) . Briefly, cells were dispensed in 96-well cell culture plate (40 × 10 3 cells/200 μL/well) and were treated in duplicate, 16 h later, with compounds or vehicle (DMSO) in serum free medium. After 24 h treatment, cells were washed in PBS and directly fixed in the plate with 4% paraformaldehyde (Electron Microscopy Science) in PBS for 20 min at room temperature (RT), then washed using PBS for 5 min. Paraformaldehyde was neutralized with 20 mM NH 4 Cl for 2 min and then washed with PBS for 5 min. Cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and washed with PBS, 2% fetal calf serum, 0.2% Triton X-100 (PST buffer). Cells were blocked with MAXblock Blocking medium (Active Motif, Belgium) supplemented with phosphatase inhibitor PHOSTOP (Roche) for 60 min at RT, followed by 2 h incubation with rabbit monoclonal anti γH2AX in PST buffer. The antibody used in our study is a monoclonal antibody from rabbit against anti-phospho-H2AX (Clone 20E3), from Cell Signalling Technology (Danvers, MA, USA). After three 5 min washes in PST, secondary detection was carried out using an infrared fluorescent dye conjugated to goat antibody with an absorption peak at 770 nm (CF770, Biotium) in PST buffer. For DNA labeling, TO-PRO-3 iodide (Molecular Probes) in PST was used in conjugation with the secondary antibody. After a 1 h incubation and three 5 min washes in PST, DNA and γH2AX were simultaneously visualized using an Odyssey Infrared Imaging Scanner (Li-CorScienceTec, Les Ulis, France) with the 700-nm fluorophore (red color) and the 800-nm fluorophore (green dye), respectively. Raw absorbance data was averaged for the duplicate, corrected for background; the relative fluorescence units from the scanning allowed a quantitative analysis. The ICW technique allows the determination of cytotoxicity and genotoxicity in a single experiment (O'Brien et al., 2006; Audebert et al., 2010; Audebert et al., 2011) . For determination of genotoxicity, relative fluorescent units for γH2AX per cell (as determined by γH2AX divided by DNA content) were divided by the respective controls (vehicle only), in order to determine the change in phosphorylation of H2AX levels relative to control. For determination of cytotoxicity, DNA content recorded in the different experiments was compared to DNA content in control cells. Statistical analysis was performed to seek for significant effects of PAH treatment. All experiments were carried out at least four times independently.
Data analysis
Statistical analyses were performed using Student's t-test (onetailed test). Statistical analysis was performed using the R Software. Error bars represent SEM (the standard error of the mean). Statistically significant increase in H2AX phosphorylation compared with DMSO control; *, p b 0.05; **, p b 0.01.
Modeling PAHs genotoxicity
Formation of DNA adducts by genotoxic carcinogens and subsequent repair are expected to be proportional to dose as long as the rates of the enzymatic and non-enzymatic activation and inactivation reactions are all proportional to the substrate concentration. Deviations from linearity are expected in situations of induced and saturated kinetics (Lutz, 1991) . The nature of such a dose-response and in particular, its shape, can be obtained by mathematical modeling of observed effects and subsequent interpretation of the model parameters about shape at "low doses". The 4-parameter sigmoidal Hill model is one of the models most often used to model dose-response (Walker and Yang, 2005) .
The Hill function we used has the general form:
where the baseline activity when the dose is equal to 0 equals 1, E max is the maximum genotoxicity level, c 50 is the dose resulting in 50% of the maximum genotoxicity, n is the Hill coefficient defining the shape of the dose-response curve and c is the PAH concentration. When n = 1, this model assumes the form of the familiar Michaelis-Menten equation.
At low doses, the Hill function simplifies into:
With a common value for n for different compounds, it becomes straightforward to define toxicity equivalent factors at low levels as the n-root of the ratios of a values.
We fitted the data obtained with the different PAHs and the two cell lines. Fit was performed using the weighted least squares method, the weights being the inverse of the variances for each concentration to correct for heteroscedasticity. We coded a program in R (Team, 2008) . We fitted the data with distinct values for E max , c 50 , and n values for each PAH (complete model) and compared the quality of the fit with that of another model considering identical values for n for all PAHs (reduced model). Comparison was performed through an F test analogous to the one used in nested models:
with N the number of observations, k the number of parameters in the reduced model, p the difference in number of parameters between complete and reduced model, SSE the sums of the squared errors. Under the null hypothesis, this statistic has an F-distribution with p and N − (k + p + 1) degrees of freedom.
Results
Genotoxic data in human cell lines
A new sensitive genotoxic assay based on histone H2AX phosphorylation detection (Audebert et al., 2010; Audebert et al., 2011) was used to determine the genotoxicity of 13 different PAHs on HepG2 cell line. All PAHs were analyzed for cytotoxicity and genotoxicity after 24 h treatment at different concentrations covering a four order of magnitude range (Fig. 1) . Only non-cytotoxic concentrations (cell viability > 80%) were analyzed for genotoxicity (data not shown). Three compounds (BghiP, Fla and Pyr) were found to be non genotoxic. A clear genotoxic dose-response effect was observed for the other PAHs. BaA, BcF, Chr and IP exhibited a genotoxic effect at concentrations 10 − 6 M and upwards. BbF, BkF, DBahA and BaP were genotoxic at concentrations 10 − 7 M and upwards. The two most genotoxic tested compound on this cell line were DMBA and DBalP, with a genotoxic potential at concentrations 10 − 8 M and upwards (Fig. 1) .
The same compounds were tested on LS-174T intestinal human cell line, which have been shown to be more appropriate than wellknown Caco-2 cells for the H2AX genotoxic assay (Audebert et al., 2010; Audebert et al., 2011) . LS-174T cells were on average ten times more sensitive than HepG2 cells towards PAHs regarding genotoxicity (Fig. 2) . The analysis of γ-H2AX dose-response data for the 9 different genotoxic PAHs on the two cell lines indicated a significant genotoxic signal at concentration 10 fold lower on the LS-174T cells compared to the HepG2 cells (See Figs. 1 and 2) . On LS-174T cell line, two compounds, Fla and Pyr, did not induce genotoxicity. A dose-response genotoxic effect was observed for other investigated PAHs, starting from 10 − 6 M for BghiP and IP, from 10 − 7 M for BaA, BbF, BcF, BkF, and Chr, and from 10 − 8 M for DBahA, DMBA, and
BaP; the most genotoxic tested compound on LS-174T cells was DBalP, with a genotoxic potential at concentrations 10 − 9 M and upwards (Fig. 2) .
Toxicological equivalent factor based on dose-response modeling
Estimates of the parameters are presented in Tables 1 and 2 together with a calculation of loss of explained variance when using a common shape value. For BaP and DBalP, it was not possible to identify E max and C 50 for any of the two cell lines and we consequently used directly the simplified Hill function with a and n. For HepG2 cells exposed to IP and BghiP, it was not possible to estimate the parameters due to high variability and low effects.
For HepG2 cells, the fits for BcF and DBahA were substantially impacted by the choice of a common value for n. For the other six compounds the p-value for the F-test was 0.29, which confirms that we could use a common n value for them. This common value was estimated at 0.98, which suggests a quasi-linearity in the dose-response at low doses.
For LS-174T cell line, as for HepG2 cells, the fits for BcF, DBahA and BaP were substantially impacted by the choice of a common value for n. Once BcF and DBahA removed, the use of a common value was acceptable (p-value of 0.19).
The statistical analysis thus indicates a significant difference in shape for two compounds, BcF and DBahA, whatever the cell line tested. For BcF, estimated values for n are either higher or lower than the common value, whereas for DBahA, it is always below.
The estimated Genotoxic Equivalent Factor (GEF) values were very similar between cell lines. They were all within a factor of 3, the main difference having been found for BkF (with a factor of 2.6). Our study consequently provides a good basis for GEF calculation, as shown in Table 3 .
Discussion
Genotoxicity of PAHs in human cell lines
A detailed analysis of the genotoxicity of 13 different PAHs on two human cell lines was performed in this study. Intestinal LS-174T cells were on average ten times more sensitive than hepatoma HepG2 cells towards PAHs regarding genotoxicity. PAHs are genotoxic after metabolization by CYP or Aldo-Keto Reductases (Xue and Warshawsky, 2005) . The genotoxic sensitivity difference between the two cell lines tested could be explained by the difference in CYP expression and induction (Li et al., 1998; Iwanari et al., 2002) . Iwanari and coworkers found that in LS180 cells (parent cells from which LS-174T are derived), CYP1A1, 1A2, and 1B1, the main CYPs involved in PAHs metabolism, are expressed at a higher level than on HepG2 cells. This observation at basal levels was also confirmed after induction by different PAHs (Iwanari et al., 2002) .
In our study, Fla and Pyr were not genotoxic towards the two human cell lines tested. These data are in agreement with other studies indicating that neither Fla nor Pyr was mutagenic or genotoxic γ H2AX fold induction 8 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 8 7 6 5 9 8 7 6 9 8 7 6 M 10 -X : (Vaca et al., 1992 , Durant et al. 1996 Sjogren et al. 1996) . Although the carcinogenic potential of Fla is considered as equivocal (Wang and Busby, 1993; Wang et al., 1995; Stocker et al., 1996) , both Pyr and Fla were classified as non-carcinogenic (IARC, 2010). Only LS-174T cells detected genotoxicity of BghiP, which was demonstrated to be mutagenic in human cells (Durant et al., 1996) , and to be carcinogenic and able to form DNA adducts in vivo (Hughes and Phillips, 1993) .
Although a dose-response genotoxic effect was observed for the others PAHs tested on LS-174T and HepG2 cells, BbF and BkF display different genotoxic potentials on the two cell lines. The genotoxicity of BbF and BkF on HepG2 cells was of the same order of magnitude whereas on LS-174T cells BbF is a much more potent genotoxic compound than BkF (Figs. 1 and 2 ). The potency of BbF was also higher than BkF in terms of carcinogenicity (Wynder and Hoffmann, 1959) , mutagenicity (Durant et al., 1996) and CYP induction (Louiz et al., 2008) . Recently, RPFs of these compounds were revaluated, resulting in a value of 0.8 for BbF and 0.03 for BkF (US-EPA, 2010).
To our knowledge, this is the first study investigating the genotoxicity of BcF on human cell lines. BcF was found to be nonmutagenic in the Ames assay (Lavoie et al., 1981) but was able to form DNA adducts in vivo (Koganti et al., 2000; Weyand et al., 2002; Cizmas et al., 2004) . In addition, it is considered as a more potent carcinogenic hydrocarbon than BaP in rodents (Weyand et al., 2004) . In our study, both HepG2 and LS-174T cell lines gave positive genotoxic results with this compound, although the response observed with LS-174T cells was substantially higher than for HepG2 (Figs. 1 and 2) . Modeling the genotoxic potency of BcF resulted in a proposed value of 0.5 compared to BaP. However, the estimated slope (n) in the complete dose-response model is strongly different from the estimated common value (n) obtained with the reduced model. This observation suggests the hypothesis that the BcF could have a mode of action and metabolism different from other PAHs such as BaP.
It was established recently by different teams that the γ-H2AX assay was more sensitive than the comet test, notably in vivo (Trouiller et al., 2009 ) but also in vitro (Ismail et al., 2007; Watters et al., 2009; Leopardi et al., 2010) . Moreover, this assay was found to be more sensitive than the comet assay when we compare our results regarding PAHs genotoxicity with published data on the same cell line (Plazar et al., 2007; Winter et al., 2008; Tarantini et al., 2009) . Concerning the comparison of the γ-H2AX assay with the micronucleus test, it is now well established that the micronucleus formation correlates well with H2AX phosphorylation (Medvedeva et al., 2007; Terradas et al., 2009; Yoshikawa et al., 2009 ).
In conclusion, the γ-H2AX genotoxic assay combined with the In Cell Western technique allows a sensitive and rapid determination of cell viability concomitantly to genotoxicity, making this approach compatible with a high throughput screening when used in 96-well plates. This test can be performed on a wide set of human cell lines, which are considered as more reliable to human toxicity than biological systems such as bacterial mutagenicity tests or rodent cell tests.
Genotoxic Equivalent Factor determination
Several approaches are available for the determination of RPF or TEF for PAHs. Most of the published TEF rely on similar bioassay data and modeling methods, and the resulting TEF values are fairly comparable for most PAHs across studies (Nisbet and LaGoy, 1992; Sjogren et al., 1996) . However, the data were generally issued from rodent carcinogenic studies with high doses of PAHs, and difference of susceptibility to PAHs may exist between species (Grisham, 1997) . In the second part of this study we described a new approach to determine the GEF for 13 PAHs based on modeling the data we obtained with human cancer cells. To establish the GEF, we used a Hill model for dose-response modeling for HAPs. In contrast to other existing approaches (US-EPA, 2010), our methodology was not based on linear extrapolation but on the simultaneous fit of all PAH data with a common shape for dose-response. This permitted both to identify compounds with a specific dose-response and to propose valid GEF values for the whole low dose region. Our GEF are, for most tested compounds, higher than usually utilized TEF, notably once based on AMES data (Nisbet and LaGoy, 1992; Sjogren et al., 1996) . This difference could be explained by the fact that we used genotoxic data from human cancer cells, low doses of PAHs (nanomolar range), a global genotoxic measure and a new modeling method. Underestimated TEF values could partly explain the disparity between theoretical and practical genotoxic data for mixtures of PAHs (Rodriguez et al., 1997; Baird et al., 2005) and could result in an underestimation of risk. Nonetheless, our GEF values are similar to other published TEFs (Durant et al., 1996; Louiz et al., 2008; US-EPA, 2010) (Table 3) , in particular for highly genotoxic and carcinogenic compounds DBahA (Nisbet and LaGoy, 1992) , DMBA (Collins et al., 1998) , and DBalP (Wynder and Hoffmann, 1961) . For BcF, BghiP and IP, for which a limited number of available carcinogenesis data exist, a more important difference is observed between our equivalent factors and those reported by the US EPA (US-EPA, 2010). Nonetheless, for the three compounds the relative confidence rating suggested by US EPA study was medium or low, due to the weakness of the database used (US-EPA, 2010).
To conclude, we propose Genotoxic Equivalent Factors (GEF) for PAHs. These GEFs were obtained with human cells using a new in vitro genotoxic assay. Modeling dose-response relationships highlighted discrepancies between PAHs and allowed us to estimate the ratios of concentrations that lead to the same dose-response curve at low exposure, between each PAH and BaP. These GEFs, which are not based on methodological approaches considered irrelevant for foodborne contaminants (e.g. mouse carcinogenicity studies using skin application) are applicable to the risk assessment of mixtures of genotoxic PAHs such as the 8 indicators suggested by EFSA as representative of the occurrence of PAHs in food.
As compared to currently available methods based on TEFs and used to assess the risk of PAHs for human health, our approach present several advantages, among which (1) the reliance on cancerrelated endpoint bioassays, (2) the consistency of testing PAHs in human cell lines derived from potential target tissues (i.e. hepatic and intestinal tissues), compared to bacteria or to other mammalian cells (although some uncertainties exist regarding the predictive value of genotoxicity data in human cell lines for the tumor formation process in humans), (3) the asset of cell types with intrinsic metabolic capacities, avoiding the use of S9 mix which can result in an overor under-estimation of the genotoxic response, (4) the sensitivity of the H2AX assay allowing dose-response studies including low dose testing, a potency comparison. In addition, the current mathematical modeling of dose-response data represents a substantial improvement upon the previous linear extrapolation ( US-EPA, 2010) .
